This study uses a combination of cortical imaging from monkeys performing a challenging visual detection task and a simple computational model to show that the majority of the neural variability that correlates with the monkey's variable behavioral choices is present in the primary visual cortex.
INTRODUCTION
When we perform a challenging perceptual task, what fraction of the neural variability that relates to our variable perceptual decisions is present in early sensory cortex? One way to address this fundamental question is to measure neuronal activity in a relevant sensory cortical area during the temporal interval over which the decision is formed and assess the extent to which the measured activity is correlated with trial-to-trial variability in perceptual decisions. If such measurements are highly predictive of behavioral choice, then most choice-related variability must be present in this sensory area. This result would imply that other areas contain little choice-related variability that is independent of the variability present in the sensory area.
Previous studies of the relationship between neural and behavioral variability have discovered co-variations between responses of individual neurons in sensory cortex and a subject's behavioral choices to repeated presentations of an identical near-threshold sensory stimulus (e.g., (Britten et al 1996 , Celebrini & Newsome 1994 , Cook & Maunsell 2002 another (e.g., (Zohary et al 1994) ), and therefore, one neuron's responses are only weakly related to the population response. Thus, single-neuron studies cannot provide strong constraints on whether most decision-related neural variability is present in sensory cortex.
In contrast, methods for measuring neural population responses, such as voltage-sensitive dye imaging (VSDI) (Grinvald & Hildesheim 2004) , have the potential to provide stronger constraints by capturing a larger fraction of the choice-related variability within the sensory area. Because even simple, spatially localized stimuli evoke responses over a broad region of sensory cortex (Chen et al 2006 , Grinvald et al 1994 , Palmer et al 2011 , and because these sensory cortical neurons are only weakly correlated with one another, subjects can benefit from combining these distributed signals to inform decisions. Thus, perceptual decisions may be based on the combined activity from a large population of sensory neurons.
In this case, population measures may show stronger co-variations with choice, and thus account for a greater fraction of the choice-related neural variability. However, such methods are likely to also contain various sources of variability unrelated to choice, such as choice-irrelevant neural variability and measurement noise, which can weaken the relationship between the measured neural activity and behavior.
To address the possibility that choice-related activity is distributed across many sensory neurons, we used VSDI to record from a large population of neurons in primary visual cortex (V1) of two monkeys while they performed a difficult visual 5 detection task. We placed the visual target so that it fell at the center of the visual area represented by the imaged neurons. We assume that the stimulus-related signals that the monkey uses to form decisions in our task pass through the area that we are imaging in V1. In other words, V1 provides the sensory evidence, and we can eavesdrop on this evidence while the monkey forms a decision. We further assume that there is a point in time in each trial when the monkey commits to a choice. In order for the monkey to perform the task at above chance, this decision point must be delayed by at least several tens of ms from the response latency in V1.
We focus on analyzing V1 signals during this brief pre-decisional period.
V1 signals during the pre-decisional period are variable, and this variability in the evidence must affect the monkey's choices. The sources of this pre-decisional variability are unknown. Some of this variability is likely to be due to feedforward sources and some of it is likely to be due to feedback. Our goal here is not to distinguish between, or quantify, these two sources, but rather to quantify the total pre-decisional choice-related variability present in V1, irrespective of its source.
Additional sources of variability downstream to V1 that affect choice but are not relayed to V1 prior to the decision are likely to exist. Our goal is to determine if the majority of the pre-decisional choice-related variability is present in V1. This is a fundamental question to which the answer is currently unknown.
To better understand the relationship between measurements of neural variability and perceptual decisions, we developed a simple computational model. This model is advantageous over previous methods, because it can be used to quantify the fraction of choice-related variability captured in a measurement of 6 neural population responses independent of choice-unrelated variability. Together, this approach allows us to determine a lower bound on the fraction of choicerelated variability that occurs in V1 during performance of a detection task.
RESULTS

Choice-related population activity in macaque V1
We trained two monkeys to perform a simple reaction-time visual detection task (Fig. 1B) . The monkey began each trial by directing gaze to a central fixation point. To obtain a reward, the monkey had to rapidly shift gaze to a small peripheral target during 'target-present' trials (50% of trials), or to maintain fixation on the central fixation point during 'target-absent' trials (the remaining trials). We used a small Gabor patch stimulus (sinusoidal grating in a 2-D Gaussian envelope) to effectively drive V1 cells, and presented the stimulus at one or two contrast levels near each monkey's perceptual detection threshold to maintain task difficulty. Target-present trials were classified as 'Hits' if the monkey correctly detected the target and 'Misses' otherwise. Target-absent trials were classified as 'False Alarms' (FAs) if the monkey reported seeing a target and 'Correct Rejects' (CRs) otherwise ( Fig. 1C ; Supplemental Table S1 ).
While the monkeys performed the task, we used voltage-sensitive dye imaging (VSDI) to measure population responses from V1, an area likely to play a central role in performance of such tasks. VSDI measures changes in membrane potential from large populations of neurons with a dominant contribution from layer 2/3 (Chen et al 2012 , Petersen et al 2003 . Previous work showed that this 7 technique can be sufficiently sensitive to outperform monkeys in a similar detection task when combining single-trial VSDI signals optimally (Chen et al 2006 , Chen et al 2008 . Furthermore, because V1 contains a topographic map of visual space, the target activates a limited region in V1 (Chen et al 2006 , Sit et al 2009 , and this region can be precisely localized and entirely captured by VSDI. Thus, VSDI may be capable of capturing a large portion of choice-related variability in V1. Results from a representative VSDI experiment ( Fig. 2A ) reveal large choicerelated modulations at the level of neural populations in V1. On average, the stimulus evoked a broad Gaussian-shaped response across the population of neurons, consistent with our previous results (Chen et al 2006 , Chen et al 2008 , Chen & Seidemann 2012 , Sit et al 2009 . The mean stimulus-present and -absent maps were each further partitioned into mean Hit and Miss maps, and mean FA and 8 CR maps, respectively. These maps reveal robust choice-related differences. Similar choice-related activity is also observed in the grand average results combined across all of our data sets ( Fig. 2B ; see Fig. 2 Supplementary Fig. 1 for results from individual monkeys). These maps show that choice-related activity, as revealed by the Hit-Miss and FA-CR difference maps, is distributed broadly across the neuronal population rather than being restricted to a small region. To quantify these choicerelated differences, we computed the amplitude of the response in each trial (Fig.   2C ). Average amplitudes are significantly larger in Hits than in Misses (p<0.001, bootstrap test), significantly larger in FAs than in CRs (p<0.001, bootstrap test), and significantly larger in FAs than in Misses (p=0.009), suggesting that in this task the population activity in V1 corresponds more closely to the subject's choice than to the stimulus.
Computational model for assessing the fraction of choice-related variability in V1
Our results show significant choice-related variability in V1 but cannot, by themselves, determine whether most of the choice related variability is present in V1. To address this question, we developed a simple computational model of the pooled single-trial VSDI responses and used this model to obtain a quantitative estimate of the fraction of choice-related variability present in V1. In our model, the pooled sensory signal in target-absent and target-present trials is assumed to be normally distributed with variance  is added to the pooled sensory response (Fig. 3, 9 'D'). The total decision variability, which controls the subject's accuracy, is thus the sum of the contributions from these two independent sources of decision-related variability, Our model can be used to estimate the fraction of the total decision-related variability that is present in the sensory area, linear relationship between the difference in these means and DF (Fig. 4E , black curve). In addition, as DF decreases, the correlation between the measured response and choice drops. A common metric for measuring this correlation is choice probability (CP), which measures the discriminability of two distributions of neuronal responses that belong to the same stimulus condition but to two different behavioral choices, such as 'Hits' (solid blue line) and 'Misses' (dashed blue line). As DF decreases, CP drops from a value of 1 (perfect discriminability) toward 0.5 (no discriminability) (Fig. 4E , gray curve). Importantly, while CP is strongly affected by measured variability that is choice unrelated (Fig. 4D,F) , such variability has no effect on the means of the responses tied to each of the 4 behavioral outcomes. (Table 1) , providing evidence that in our task, the majority of choice related activity is present in V1.
Effect of partial overlap between subject and researcher's sensory neural pools
Our model (Fig. 3) assumes that the subject and researcher share equal access to the V1 population. However, population measures such as VSDI are limited to finite spatial extent, spatial resolution, and cortical depth. Thus the subject and researcher's pooled sensory responses may overlap only partially. To explore the possible impact of partial overlap, we extended our model by simulating V1 as a 2-dimensional patch of neurons/pixels with signal and noise characteristics that matched those from the real data (see Supplemental Methods). We then performed simulated experiments in which the researcher, the subject, or both, are given independent access only to a random sub-population of the simulated cortex.
Our results (Fig. 5) show that the DF estimated by our model is a lower bound on the true fraction of choice-related variability present in sensory cortex, because some of what our model considers as downstream noise may actually reside in V1.
Dynamics of choice-related variability in V1
Are the choice-related signals reported here pre-decisional or post-decisional? V1
responses to small stimuli at near-threshold contrast have long latencies and build up slowly (Sit et al 2009) . Therefore, it seems unlikely that the choice-related signals 12 reported here reflect post-decisional top-down modulations, at least during the first ~100 ms after response onset (though they could reflect pre-decisional top-down signals).
Nevertheless, to assess possible contribution of post-decisional top-down signals to our results, we compared the dynamics of the choice-related signals to the dynamics of the stimulus-evoked responses (Fig. 6) . If the choice-related differences we observe were the result of a feedback signal that reflects a decision that had already been formed, we would expect choice-related signals to be delayed relative to the stimulus evoked response. Instead, the choice-related signals emerge at the same time as the evoked response and have similar dynamics. The near correspondence between the onset and dynamics of the choice-related signals and that of the stimulus-evoked response suggests that the choice-related signals are not the consequence of a decision that has already been formed and are therefore pre-decisional.
Additional analysis of eye position suggests that our results are not due to small variations in eye movements (Supplemental Table S2 ).
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DISCUSSION
Here we present two main findings. First, in a visual detection task, there is strong choice-related activity in V1 that is distributed across tens of mm 2 of cortex.
This finding suggests that subjects combine sensory signals from a broad region of cortical space in order to inform decisions. Second, V1 population responses correspond more closely to the subject's choices than to the stimulus. The choice-related signals we observed are likely to contribute to the decision and limit behavior because they co-occur in space (Fig. 2 ) and in time ( Regardless of its origin, we show here that in a detection task, the majority of choice-related variability can be found in V1 during the epoch leading to the decision, and that this variability has spatiotemporal dynamics similar to those of the target-evoked response. These results provide strong constraints on models that link neural responses in early sensory cortex and perceptual decisions.
Our result that the sensory population signals correspond more closely to the subject's choices than to the stimulus is similar to findings reported previously in human V1 by fMRI (Ress & Heeger 2003) . However, due to the sluggish nature of fMRI signals and the delayed-response task design, the previous study was unable to determine whether the choice-related activity observed in sensory cortex occurred before or after the subject's decision. The previous study found similar activity in
Hits and FAs and similar activity in Misses and CRs, suggesting that the previous results were dominated by activity occurring in an epoch in which stimulus-related signals had already vanished. In contrast to the slow and indirect nature of the fMRI signal, the fast temporal dynamics of the voltage-sensitive dyes and our reaction-16 time task design allowed us to focus on choice-related signals that occur before the decision.
Our study speaks to fundamental questions about the relationship between noisy sensory representations and perceptual decisions. Here we show that decision-related neural activity is distributed broadly in early sensory cortex, suggesting that subjects pool information over a large population of sensory neurons to inform decisions, rather than relying on a small group of highly informative neurons. Second, we provide evidence that most choice-related neural variability is already present in early sensory cortex prior to the decision, suggesting that downstream circuits add little independent variability that affects
decisions. An important goal for future studies is to determine the extent to which these results hold in other visual perceptual tasks and in other sensory modalities, and to explore the origins of this pre-decisional choice-related activity.
MATERIALS AND METHODS
All procedures were approved by the University of Texas Institutional
Animal Care and Use Committee and conformed to NIH standards. Two monkeys were trained to perform a reaction-time visual detection task. While each monkey performed the task, we recorded neural population signals in V1 using the voltagesensitive dyes RH-1838 or RH-1691 (Shoham et al 1999) . Imaging data were obtained using an Imager 3001 system (Optical Imaging, Inc.), collected at a resolution of 512x512 pixels at a sampling rate of 100 Hz. Similar task and VSDI processing methods have been described previously (Chen et al 2006 , Chen et al 2008 .
In order to understand the relationship between measurements of population neural activity in primary visual cortex and behavioral choice, we developed a simple model, outlined in Fig. 3 . Detailed description of our model derivations and maximum likelihood calculation is given in Supplemental
Information. Briefly, we start with the assumption of three independent Gaussian, additive noise sources: sensory noise s n ; downstream decision-related noise d n ;
and decision-unrelated noise affecting the VSDI measurements m n . We have previously shown that VSDI signals are consistent with Gaussian additive noise (Chen et al 2006) and we performed similar tests to verify these properties in our present data (see Fig. 7 ). We assume these noise sources to be zero-mean Gaussians with variances response and takes on the value 0 when the target is absent, or the value c when the target is present. Because the target was limited to a narrow range of contrasts (2.6%-5.0%), we fit a line to the aggregate data across all threshold target-present contrast levels and all experiments to determine how c depends on target contrast.
We model the pooled response measured by the experimenters as
where  represents the dye sensitivity, which determines how strongly V1 activity modulates the VSDI signal and was estimated based on the average amplitude of the response to 25% contrast targets in a control block immediately prior to each detection block. Dye sensitivity varies across experiments due to fluctuations in the quality of staining. The subject's binary decision D is determined by a threshold,
H is the Heaviside step function and t is the criterion. Given these ingredients, the log probability of the subject's decision D and the observed outcomes m R on a single trial is given by:
plus a constant that does not depend on the model parameters, where we used a simplified model with a single contrast value and no variations in VSDI signal quality (Fig. 3 ) to illustrate our results (Fig. 4) . In the simplified model,
has a linear relationship with DF once the total decision-related variability is fixed (Fig.4E) : Black square indicates VSDI imaging area of 10 x 10 mm 2 in the left hemisphere. Letters indicate approximate cortex orientation (A -anterior; P -posterior; M -medial; L -lateral). B, behavioral task. Each trial begins when the subject locates and fixates a central fixation point. After a 500 ms delay during which the subject is required to maintain fixation, the fixation point undergoes a slight increase in luminance to indicate the start of the task portion of the trial. Following a 300 ms delay, a Gabor stimulus appears on 50% of trials. The subject is required to make a saccadic eye movement to the stimulus location when it appears, or to maintain fixation on the central fixation point for an additional 900 ms when it does not appear. The subject receives a drop of juice or water following correct choices, and no reward following incorrect choices. C, a table with four possible behavioral outcomes. is independent of MF, CP varies systematically with MF. Dotted blue lines indicate MF solution from the full model applied to the real data for the choice-triggered pooling rule (MF = 0.03) and corresponding CP value in the simplified model. The large amount of choiceunrelated variability reflects a combination of neural variability (e.g., independent neural variability that is captured by our measurements but does not affect choice) and non-neural measurement noise. . Temporal dynamics of choice-related activity. Time evolution of choice-related differences during target-absent trials (red, mean 'FA' minus mean 'CR' activity) and target-present trials (blue, mean Hit minus mean Miss activity) are shown alongside the time evolution of the stimulus-evoked response (grey). Shaded areas indicate standard errors. The near correspondence between the onset and dynamics of the choice-related signals and that of the stimulus-evoked response provides evidence against a post-decisional top-down mechanism in which we would expect the choice-related signals to manifest only well after the evoked response. Additionally, these temporal dynamics are dissimilar to those we observed in a recent study designed to directly test the effects of spatial attention in V1 in a similar detection task, in which we observed attentional effects that occurred shortly before stimulus onset and spread over a larger spatial extent than the stimulus evoked response (Chen & Seidemann 2012) . Thus, the temporal dynamics of our choice-related modulations appear to be inconsistent with both a post-decisional top-down mechanism as well as a pre-decisional attention-like signal. Table 1   Table 1 . Model solutions for 9 alternative pooling rules. We repeated our maximum likelihood estimation procedure (see Supplementary Methods) for each of 9 alternative candidate pooling rules to obtain estimates for DF and MF. DF estimates ranged from 0.72 to 0.99, and MF estimate ranged from 0.03 to 0.07 across pooling rules. For each pooling rule, we also computed choice probability expected under the simplified model associated with the DF and MF solutions. 'CP (MF = 1)' refers to the choice probability value associated with each pooling rule's DF solution, in the absence of choice-unrelated noise (i.e., MF = 1). 'CP' refers to the choice probability value associated with each pooling rule's DF solution, after the measured neural signals have been corrupted by the addition of choice-unrelated noise consistent with that pooling rule's MF solution. Values in parentheses indicate 95% confidence intervals.
